Sea urchins are an important model for experiments at the intersection of development and systems biology, and technical innovations that enhance the utility of this model are of great value. This study explores pantropic retroviruses as a transduction tool for sea urchin embryos, and demonstrates that pantropic retroviruses infect sea urchin embryos with high efficiency and genomically integrate at a copy number of one per cell. We successfully used a self-inactivation strategy to both insert a sea urchin-specific enhancer and disrupt the endogenous viral enhancer. The resulting self-inactivating viruses drive global and persistent gene expression, consistent with genomic integration during the first cell cycle. Together, these data provide substantial proof of principle for transduction technology in sea urchin embryos.
Sea urchins are an important model for experiments at the intersection of development and systems biology, and technical innovations that enhance the utility of this model are of great value. This study explores pantropic retroviruses as a transduction tool for sea urchin embryos, and demonstrates that pantropic retroviruses infect sea urchin embryos with high efficiency and genomically integrate at a copy number of one per cell. We successfully used a self-inactivation strategy to both insert a sea urchin-specific enhancer and disrupt the endogenous viral enhancer. The resulting self-inactivating viruses drive global and persistent gene expression, consistent with genomic integration during the first cell cycle. Together, these data provide substantial proof of principle for transduction technology in sea urchin embryos.
U nderstanding developmental specification equates to understanding the gene regulatory network architecture of the various cell lineages in the embryo, as well as understanding how these networks interact, change as development proceeds, evolve as species diverge, deploy the processes of morphogenesis, and embody robustness and regulative properties. The sea urchin is an excellent model organism to pursue these studies, offering a multitude of experimental strengths that include biochemistryscale availability of gametes, ex vivo fertilization that permits large-scale, synchronously developing cultures, an unduplicated and thus relatively simple genome, morphological simplicity and transparency, regulative development, and systems-level tool sets for multiple species (1) (2) (3) (4) (5) (6) (7) . Both cis-regulatory studies and gene regulatory network analyses were pioneered in sea urchins (8) (9) (10) (11) (12) , and since then our understanding of their development has become increasingly sophisticated (3) (4) (5) (6) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Technical innovations that foster this work are thus an important contribution to this field of study (23) .
Transduction technology is a critical such area for this nongenetic model. The availability of transduction tools, particularly of viruses that confer tissue-specific and/or temporally restricted gene expression, would enormously increase the possibilities for experimental design in echinoderms, in which microinjected DNAs are only mosaically inherited (24, 25) . Furthermore, transduction is scale-free, unlike microinjection, which is laborintensive and ultimately scale-limited. Transduction technology would, for example, open the door to performing the large-scale perturbations (e.g., 10 7 embryos) necessary for proteomics experiments on genetically manipulated embryos, which is beyond the reach of current experimental techniques. Transduction essentially allows for "instant" transgenic embryos, and thereby offers an almost limitless host of tricks for clever researchers. Thus, there are tremendous opportunities to use transduction technology in sea urchin developmental research.
Here we explore pantropic retroviruses (PRVs) as a transduction tool for sea urchins. PRVs are engineered to substitute the tropism-conferring viral env gene, encoding the envelope protein, with the vsvG gene from vesicular stomatitis virus. The fusogenic vsvG protein is localized to the viral envelope and induces membrane fusion. Thus, viruses pseudotyped with vsvG bypass receptor-mediated cell entry, and instead are able to infect any cell type via fusion of the viral envelope with the plasma membrane (26) . Indeed, PRVs infect a wide range of unusual model organisms, including clams, shrimp, oysters, arthropods, amoebae, and zebrafish (27) (28) (29) (30) (31) (32) (33) (34) . Here we show that PRVs infect sea urchin embryos, integrating genomically with a copy number of one per genome. We successfully used self-inactivation (SIN) strategies from gene therapy approaches (35) (36) (37) (38) (39) (40) to simultaneously insert a global, maternal-plus-zygotic sea urchin enhancer module and disable the endogenous viral enhancer in the viral backbone. The results demonstrate that SIN PRVs integrate genomically and drive global and persistent gene expression. Together, these data provide substantial proof of principle for PRV technology in sea urchin embryos.
Results
Pantropic Retroviruses Infect Sea Urchin Embryos. Infectious retroviruses are composed of an RNA-based genome combined with polymerase and integrase proteins within an enveloped coat. Following infection, the viral RNA is reverse-transcribed into double-stranded DNA, which is integrated into the host's genome. PRVs are based on Moloney murine leukemia virus (MMLV), which is a linear sequence that includes 5′ and 3′ long terminal repeats (LTRs), the packaging signal Ψ + , and three structural genes including env ( Fig. S1) (41) . The env gene encodes the envelope protein that confers tropism, which is murine-specific for MMLV. PRVs substitute the env gene product with vsvG, which encodes a fusogenic protein that localizes to the viral envelope (26) . This substitution changes viral tropism from murine-specific to general, because infection changes from receptor-based to membrane fusion-based.
To determine whether pantropic retroviruses transduce sea urchin embryos, we began with a commercially available pantropic system. The vector LTR-ZsGreen ( Fig. S2A ) encodes the fluorescent reporter ZsGreen downstream from the encephalomyocarditis virus (EMCV) internal ribosomal entry sequence (IRES), driven by the viral enhancer plus promoter within the 5′ LTR. Pantropic virus derived from this vector was used to infect unfertilized sea urchin eggs after the vitelline envelope was partially digested by light trypsinization (42) to expose the oocyte plasma membrane. The eggs were then fertilized, developed to pluteus stage, and evaluated for reporter gene expression. Only embryos infected at a high multiplicity of infection (MOI) displayed reporter expression, albeit very weakly ( Fig. S2 B1-B3 ). Despite this low level of expression, these results were encouraging because the embryos appeared to be globally transduced.
The low level of reporter expression in transduced embryos could be due to either a poorly functional LTR-based enhancer or inefficient IRES function in the sea urchin context. Either result would be unsurprising, because both the LTR and IRES sequences are native to mammalian and not echinoderm contexts. To directly evaluate the effectiveness of the 5′ LTR enhancer in sea urchin embryos, the fluorescent reporter mCherry was inserted downstream of the 5′ LTR in the viral vector ( Fig. 1A) . A timecourse of LTR-mCherry/ZsGreen-infected embryos demonstrates that the 5′ LTR promotes only very weak mCherry expression, beginning only at 5.5 h postfertilization (hpf) and persisting through early-pluteus stage (Fig. 1B) . The IRES-dependent ZsGreen expression level appears similar to the LTR-driven mCherry level, suggesting that the IRES is at least somewhat functional in sea urchin embryos. Together, these data demonstrate that pantropic retroviruses infect sea urchin embryos, and that LTR-driven expression is weak but global.
Otx CRM3 SIN Viruses Produce Strong, Global Reporter Expression.
Because LTR-driven expression is very low in sea urchin embryos, our next step was to insert a sea urchin-specific enhancer module to drive stronger expression. A simple strategy would be to insert an expression cassette between the LTRs. However, LTRs are notorious for overriding internal enhancers and for becoming silenced (43, 44) . Further, the 5′ LTR cannot simply be replaced or disrupted, because it is required for the expression of the viral RNA genome for packaging. Thus, expression cassette insertion or 5′ LTR disruption are not useful approaches to change the regulation of transgenes. Instead, the intermolecular recombination steps that occur during viral replication are taken advantage of ( Fig. S3 ). Viral LTRs are composed of U3, R, and U5 sequences. The U3 region contains the viral enhancer, and is present only at the 3′ end of the viral RNA genome. The U3 sequence is copied to the 5′ end of the viral genome during reverse transcription, which generates the complete 5′ LTR (Fig. S3A ). The U5 sequence is similarly unique at the 5′ end of the viral RNA genome, and is copied to the 3′ end of the viral cDNA to complete the 3′ LTR ( Fig. S3A ). These copying steps reflect the retroviral strategy for replicating the ends of their linear genomic sequence. SIN viruses are engineered to take advantage of these copying steps to manipulate the 5′ LTR within the cDNA by changing the U3 region at the 3′ end of the RNA genome. Thus, SIN viruses can be produced by replacing the viral enhancer in the U3 region of the 3′ LTR with the enhancer of choice ( Fig. S3B1 ). In such viruses, the 5′ LTR is intact before reverse transcription (RT). The substituted enhancer within the modified U3 region is copied to the 5′ LTR during RT, which thereby disrupts the original 5′ LTR, and the inserted enhancer will instead drive gene expression ( Fig. S3 B2 and B3) (35) (36) (37) (38) (39) (40) .
We chose to produce SIN viruses engineered to contain an enhancer module that drives global, maternal-plus-zygotic expression, to mimic microinjection of mRNAs and morpholinosubstituted antisense oligonucleotides. We selected a module from the Otx cis-regulatory apparatus. Otx is a crucial transcription factor that is expressed in the vegetal plate in early development, followed by expression in the aboral ectoderm. Otx is a key element in the conserved three-gene lockdown loop that drives endomesodermal specification, along with GataE and BLIMP (8, (45) (46) (47) (48) (49) . cis-regulatory analysis for Otx has demonstrated 17 conserved modules upstream of the transcriptional start site. Although Otx is expressed in specific spatial territories, some of its regulatory modules, particularly module 3, promote ubiquitous expression when functioning in isolation (48) . Module 3 also promotes maternal expression in Strongylocentrotus purpuratus embryos (48) , and thus fit the expression profile we were seeking: maternal + zygotic expression throughout all embryonic territories. However, the Otx cis-regulatory module 3 (CRM3) was evaluated only in S. purpuratus (Sp), and not in Lytechinus variegatus (Lv) embryos. To identify the LvOtx CRM3, the relevant Sp and Lv BAC sequences were aligned and compared (Fig.  S4 ), and then the Lv sequence corresponding to SpOtx CRM3 was cloned into a reporter construct ( Fig. 2A1 ). To unambiguously evaluate the enhancer function of LvOtx CRM3, the reporter construct was microinjected into one blastomere at the two-cell stage ( Fig. 2A2 ), which resulted in embryos with robust GFP expression confined to one side ( Fig. 2A4 ). These data confirmed that the identified LvOtx CRM3 sequence indeed promotes robust expression, as anticipated.
To generate SIN viruses containing Otx CRM3, we elected to test two configurations ( Fig. 2B1 ) based on previous studies (36, 37) . The viral enhancer/promoter in the U3 region is composed of tandem 72-bp repeats as well as CAAT and TATA boxes (36, 50) ; we generated LvOtx CRM3-incorporating SIN viral constructs that eliminated the 72-bp repeats and either retained or eliminated the CAAT and TATA elements from the viral promoter ( Fig. 2B1 ). Viruses based on these vectors were produced and used to infect sea urchin eggs. The CRM substitution that retained the viral basal promoter resulted in robust, global mCherry expression ( Fig. 2B4 ), whereas the alternate version without the viral basal promoter did not (Fig. 2B5 ). Reporter expression was specific to the Otx CRM3 because embryos transduced with the LTR-mCherry virus did not display reporter expression at this stage (Fig. 2B3 ). These data demonstrate that SIN viral approaches are successful in sea urchin embryos, and that incorporated enhancers are capable of driving robust reporter gene expression. These data show that, at least for this CRM, inclusion of the viral CAAT and TATA boxes is required for successful CRM function following SIN substitution. Finally, ZsGreen expression did not increase to match mCherry ( Fig. 2 B2-B5, Lower), indicating that the EMCV IRES functions only suboptimally in sea urchin embryos.
Otx CRM3 SIN Viruses Efficiently Infect Sea Urchin Embryos and Early
and Persistent Reporter Expression. To determine the temporal expression profile for LvOtx CRM3-driven expression from a transduced context, embryos were infected with the successful version of Otx CRM3-mCherry ( Fig. 3A) and then imaged at different developmental stages (Fig. 3B) . Otx CRM3-mCherry-driven expression was first detected at the two-cell stage (Fig. 3B2) . Because viral integration requires mitosis, this result is consistent with genomic integration during the first cleavage. mCherry expression level increased at the four-cell stage (Fig. 3B3 ) and persisted until lategastrula stage (Fig. 3B8) . Thus, Otx CRM3-mediated expression conforms to expectations (48) , in that it is early and global. However, because the half-life of fluorescent proteins is longer than this time course, these results could be misleading. To confirm continuing mRNA expression, quantitative PCR (QPCR) analysis for mCherry expression was performed (Fig. 4A) . No mCherry expression was detected in infected zygotes, consistent with viral infection without integration before mitosis. This is an important control because it demonstrates that these mCherry mRNA measurements do not reflect contaminants from viral DNA or other unintended sources. Overall, the results demonstrate measurable mCherry mRNA levels at all stages, with robust expression at late-gastrula stage, consistent with persistent transcription driven by LvOtx CRM3. Fig. 4A depicts transcripts per embryo; estimates of mCherry transcripts per cell are ∼150,000 at the four-cell stage, 70,000 at the eight-cell stage, and 2,000 at late-gastrula stage, consistent with an early peak of expression followed by diminishing levels throughout development. These numbers are within the range of expression for other genes measured at these stages; although the four-cell numbers are considerably higher than observed for SpOtx (51) , it is important to bear in mind that we are measuring only the action of CRM3 and not the entire Otx cisregulatory apparatus. CRM3 normally operates in the context of multiple other modules and is almost certainly subject to restraint therein, evidently with respect to both spatial expression domain and expression level. Together, these data demonstrate that the transduced Otx CRM3 remains functional until at least late-gastrula stage and drives a reasonably high level of expression in the early embryo.
Viral titration relies on reporter expression in mammalian cells; however, we have observed that SIN viruses incorporating Otx CRM3 do not express in mammalian contexts. We therefore estimated titers of SIN virus preparations by comparing their light scattering with that of other preparations with known titers, and then empirically optimized the viral dose for each preparation (Methods). To evaluate the infection efficiency of the Otx CRM3-mCherry SIN virus, a series of dose-response experiments was performed. The results show that for optimal viral doses the average infection efficiency is 96.5%, based on reporter expression ( Fig. 4B ). Together, these data demonstrate that the Otx CRM3 SIN virus infects sea urchin embryos with high efficiency and produces global reporter expression that begins at the two-cell stage and continues throughout development until at least lategastrula stage. Pantropic Retroviruses Are Genomically Integrated at a Copy Number of One in Sea Urchin Embryos. Following infection, the RNA genome of the retrovirus is reverse-transcribed to cDNA and integrated into the host's genome. To demonstrate viral integration in infected sea urchin embryos, inverse PCR was used to specifically amplify the junctions between viral and genomic DNA (Fig. 5A ). This technique directly detects sequences fused to viral DNA via inverted amplification (33, 52) . Our results identify multiple instances of fusion between the viral 5′ LTR and sequences from the Lv genome ( Fig. 5B and Fig. S5) ; in contrast, no amplification products or clones were obtained from uninfected embryos. Thus, these data clearly demonstrate that pantropic retroviruses integrate into the sea urchin genome.
To determine the copy number of integrated viral DNA in infected embryos, we compared the concentration of Nodal, a single-copy gene (53, 54) , to mCherry, a viral indicator, in genomic DNA prepared from control and infected embryos using QPCR analysis (Table 1 ). Using standard curves to calculate the number of molecules for each gene, we determined that, on average, one copy of mCherry is present per two copies of Nodal (corresponding to two alleles) in infected embryos ( Table 1) . These data indicate a viral copy number of one per genome.
Discussion
This study was undertaken to test the suitability of pantropic retroviruses as a transduction tool for sea urchin embryos. The results demonstrate that PRVs infect sea urchin eggs with high efficiency and integrate during the first cleavage, resulting in global gene expression. We used self-inactivation strategies to simultaneously introduce a sea urchin-specific enhancer, Otx CRM3, which drives global, maternal-plus-zygotic expression (48) , and disrupt the viral enhancer, which functions only weakly and relatively late in sea urchin embryos. The LvOtx CRM3 enhancer behaved as expected, driving global reporter expression from the two-cell stage persistently through at least gastrulation. These results establish proof of principle for transduction technology in sea urchin embryos.
Standard approaches were used to verify that these PRVs integrated into the embryonic genome, and to assess viral copy number. Interestingly, we found that PRVs integrate one copy per genome on average. A copy number of one or less is consistently observed in cells infected with retroviruses and with PRVs (29, 31, 33, 55, 56) . Virally-mediated inhibition of superinfection is generally via receptor inhibition (57); however, this explanation cannot apply to PRVs, which enter cells via fusion rather than receptor binding. It is difficult to envision how the prevention of superinfection might occur at the level of fusion-based viral entry, particularly because the infected eggs remain susceptible to fertilization; instead, this blockade more likely occurs during reverse transcription or integration. There are precedents for cellular genes that impose non-surface-mediated inhibition of infection by retroviruses. For example, the murine Fv-1 gene appears to inhibit preintegration complex entry into the nucleus by mimicking gag proteins (57) (58) (59) . However, the transduction vectors used herein are stripped of most viral sequences and all structural genes, suggesting either that the pol gene products (reverse transcriptase and integrase proteins) that are packaged with the viral genome somehow mediate resistance to superinfection, or that there is a cellular contribution to the control of PRV copy number in transduced sea urchin eggs (our data) and other cell types (29, 31, 33, 55, 56) .
We attempted to transduce bicistronic messages that use an internal ribosomal entry site to drive expression of a downstream reporter gene. Bicistronic expression would be very useful for functional studies by providing the benefits of a fluorescent reporter without the drawbacks of generating fusion proteins. However, the encephalomyocarditis virus IRES present in the commercial vector (Clontech) and our derivative vectors was only poorly functional in sea urchin embryos. This is unsurprising, because EMCV relies on assembling eIF4G protein on IRESbased stem-loop structures (60) , and the eIF4G protein sequence is less than 40% conserved between humans and sea urchins. It will be of interest to test the IRES sequence from cricket paralysis virus, which does not require cellular factors and instead assembles ribosomes directly; this sequence is broadly functional in cells ranging from yeast to mammals (60) (61) (62) (63) (64) (65) , and is therefore likely to function in sea urchins as well.
We found that upon microinjection, LvOtx CRM3 drove robust expression as anticipated based on the corresponding Sp sequence (48) , whereas within the SIN viral context, LvOtx CRM3-driven expression was more modest. This could simply reflect amplification due to concatenation of the injected DNA in the former case (24, 25) ; alternatively, this could reflect partial viral silencing by cellular responses to the viral LTR sequences (43, 44, (66) (67) (68) (69) (70) (71) (72) . The latter could be ameliorated by inclusion of flanking insulator sequences, and it will therefore be of interest to test the effect of insulators from the sea urchin arylsulfatase gene in follow-up studies (73) .
Together, the results of this study demonstrate that PRVs infect sea urchin eggs efficiently and genomically integrate during the first embryonic cleavage. We show that SIN viral strategies are effective for introducing exogenous enhancers, proving the principle for this approach. Next, it will be important to optimize bicistronic gene expression, to expand the incorporated enhancers to generate viruses that confer tissue-specific gene expression, and to transduce functional gene products. 
Methods
Viral Vectors. The retroviral vector LTR-ZsGreen (pRetroX-IRES-ZsGreen1; Clontech) was modified by subcloning mCherry downstream of the 5′ LTR (LTR-mCherry/ZsGreen). The Lv sequence corresponding to SpOtx CRM3 was identified using FamilyRelations analysis ( Fig. S4) (74) and subcloned from an LvOtx genomic BAC, and then positioned adjacent to the sea urchin basal promoter from the SpEndo16 gene along with a GFP reporter ( Fig. 2A1) (75) . For SIN viral constructs, a shuttle vector containing the 3′ LTR and its unique flanking sequences was used to specifically manipulate the 3′ (and not 5′) LTR sequence. For this purpose, the AccI-BseYI fragment containing the 3′ LTR was subcloned in pBluescript (Promega) and then shuttled back to the viral vector following modification.
Packaging Cell Lines and Virus Production. 293-GP packaging cells that express viral gag and pol genes (Clontech) were plated on rat tail collagen and then cotransfected with viral vector and vsvG-expressing plasmid (Clontech) using calcium phosphate precipitation with a glycerol shock. Retrovirus was harvested from the culture supernatant at 60 h posttransfection by ultracentrifugation at 50,000 × g for 90 min (26) . Virus was titered on NIH 3T3 cells using ZsGreen expression to report infection. SIN virus concentration was estimated by light-scattering measurements because the incorporated sea urchin enhancer does not function in NIH 3T3 cells, and then was empirically optimized in dose-response experiments (Fig. 4B) .
Preparation, Microinjection, and Infection of Eggs. L. variegatus sea urchins were obtained from Sea Life, the Duke University Marine Laboratory, or Anne Leaser (Wilmington, NC). Eggs were harvested and microinjected as described (6) . Trypsin (2.5 μg/mL) was briefly added to dejellied eggs to partially digest the vitelline envelope (42) to expose the egg plasma membrane. Eggs were infected with virus at an MOI of 1,000 (LTR; Fig. 1 and Fig. S1 ) or with empirically optimized doses (SIN viruses; all other figures) in the presence of 10 μg/ mL polybrene, a polycation used to counteract repulsive membrane interactions. Following a 1-h infection, eggs were washed and fertilized.
PCR-Based Detection of Integration. Inverse PCR was used to assay genomic integration (33, 52) . Genomic DNA from mock-infected and LTR-mCherry-infected embryos was isolated and digested by AvrII, which cuts a unique site in the viral backbone. Following digestion, samples were treated with T4 DNA ligase under conditions favoring intramolecular ligation (33, 47) . The self-ligated DNA was amplified with outwardly directed, nested primers (Table S1 ) positioned in unique regions of the viral and mCherry sequences (Fig. 5 ). The resultant amplification products were cloned and sequenced. Sequences fused to the viral 5′ LTR were subjected to BLAST analysis against the Lv genome (http://www.hgsc.bcm.tmc.edu/blast.hgsc) to confirm genomic integration of viral DNA.
Quantitative PCR Analysis. Gene expression analysis. RNA isolation, cDNA synthesis, and QPCR analysis were performed as described (6) . The primer sequences used to detect mCherry were forward 5′-CAAGTTGGACATCACCTCC-CAC-3′ and reverse 5′-ACTTGTACAGCTCGTCCATGC-3′. The numbers of mCherry and ubiquitin molecules were calculated from standard curves (76, 77) , and then molecules of mCherry per embryo were calculated based on the assumption of 40,000 or 50,000 molecules of ubiquitin per embryo at the relevant stages, as was determined for S. purpuratus embryos (51) . Copy-number determination. Genomic DNA was isolated from control and infected embryos, and then used as a template in QPCR reactions for LvNodal (6), a single-copy gene (53, 54) , and mCherry, a marker for viral DNA. Molecules of LvNodal and mCherry were determined using standard curves with various doses of genomic DNA, and gene ratios were calculated.
Embryo Analyses. Fluorescent reporter expression was assessed using epifluorescence or, in cases with very low expression, with confocal microscopy, for reliable discrimination from autofluorescence. To assess infection efficiency, embryos were photographed in groups using differential interference contrast (DIC) and fluorescent illumination, then counted from photos.
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Core et al. 10 .1073/pnas.1117846109 Fig. S1 . Retroviral variations. (A) Moloney murine leukemia virus (MMLV) is composed of 5′ and 3′ long terminal repeats (LTRs), the packaging signal Ψ + , and the structural genes gag, pol, and env. The gag gene encodes viral capsid proteins, the pol gene encodes the enzymes required for reverse transcription and integration into the host genome, and the env gene encodes the envelope proteins that confer viral tropism, which is murine-specific for MMLV. (B) To create a replication-defective virus, the structural genes are removed and infectious virions are produced from packaging cell lines that stably express the structural genes. The genes are separated to prevent viral reacquisition of these genes and the inadvertent regeneration of replication-competent virus (1). (C) Pantropic retroviruses are produced by replacing the env gene with vsvG, which encodes a fusion protein that confers pantropism (2) . vsvG overexpression causes cells to fuse and is toxic, so vsvG is expressed only transiently. Blue lines indicate 50-nt windows of sequence that share 80% identity between the two species. The Lv sequence corresponding to SpOtx CRM3 is indicated with a red bar. Table S1 . Primer sequences used for nested inverse PCR
